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implications for the teaching of physiology. Am. J. Physiol. 260 (Adv. Physiol. Educ. 5): Sl4-S21, 1991.-University learning can be either teacher centered or student centered. Problem-based self-directed learning in the context of small groups provides students with an opportunity to take greater responsibility for their own learning. In problem-based learning, process and content are inextricably linked, with the three cardinal elements being the students, the tutors, and the problems. The design of such an undergraduate course in pharmacology is described, and the implications for teaching physiology are discussed.
leaning in context; evaluation TEACHER-CENTERED LEARNING is the norm in undergraduate science courses. The lecture hall is the forum where predigested information is delivered, sometimes effectively, to a largely passive audience. From the perspective of university administrators and faculty, this is an efficient process. The teacher, having prepared a set of notes, can deliver lectures year after year with minor revisions, leaving ample time for research that often brings dollars into the university's coffers. The fact that students may think otherwise is felt to be of little significance. In contrast to this convenient method of instruction is the polar opposite belief, that students may actually be able to learn quite effectively on their own, given the right environment. This format is messy, smacks of curricular chaos, and requires more contact hours between faculty and students. In its most paradigmatic form, it is referred to as problem-based learning (l-3, 8, 9, 11-14, 17-20, Z-24), although it is perhaps more aptly described as student-centered learning.
The use of the term problem-based learning appears to vary widely (l-3, 9, 18, 19, 22, 23). The Handbook for Tutors (8) used in the Faculty of Medicine at the University of Western Ontario describes problem-based learning as an approach to learning and teaching that begins with puzzling problematic situations first. This contrasts with subject-based approaches where students are first taught a body of knowledge and then may have an opportunity to apply what they have learned to sample problems. Finding the right answer to a problem or applying what has already been learned to a problem is not problembased learning. In PBL [problem-based learning], the "problem" serves as a stimulus and focus for students to identify what they need to learn in order to understand the problem and also to learn about the broader concepts and principles related to the problem.
This latter point is worth emphasizing, and thus problem-based learning is quite distinct from the patientoriented problem-solving systems that have been developed for use in subjects such as pharmacology or immunology (4). The problem is used as a springboard for learning, and the more appropriate term for this form of learning would be "contextual learning" (11). Although a number of medical schools have adopted problem-based learning, differences in implementation clearly exist. In a recent study, Blumberg et al. (2) compared seven medical schools in North America and noted differences even with a single issue, such as student-generated learning issues. The schools studied were Bowman Gray, Harvard, Mercer, Michigan State, Rusk, University of New Mexico, and McMaster. The objective of this paper is to describe the design of a student-centered problem-based course in an undergraduate program that was organized in a small-group tutorial format. Using that particular example, I discuss the promises and pitfalls of such approaches and emphasize its implications for the teaching of physiology.
In the context in which I discuss this approach, there are three cardinal elements to problem-based learning: 1) the students, 2) the tutors, and 3) the problems (Fig.  1) . It is the dynamic interactions between the three elements that determine the success or failure of the method. In this form of learning, process and content are inextricably linked.
The term "process" refers to the "how" of problembased learning. It includes the means by which issues are raised, identified, and refined into learning tasks and the required information is sought, analyzed, assimilated, and shared. Successful practice requires that the students critically evaluate their own performance and that of their peers and tutors. This evaluation is included in the term process. Content refers to "what" is learned and corresponds to the subject matter of the course. Although there could be a separation for analytical purposes, it is important to realize that what is learned effectively stems from how it is learned. Problem-based learning thus represents a dialogue between process and content.
In setting objectives for a problem-based course, it is important to include both "process" and "content" objectives. Students must be expected to meet essential proc- ess requirements that include the elements listed above. Content objectives can be listed as "instructional" and "expressive." The latter is particularly important for a problem-based course. An expressive objective, notes Eisner (7) does not specify the behaviour the student is to acquire after having engaged in one or more learning activities
[it] describes an educational encounter . . . provides both the teacher and the student an invitation to explore, defer or focus on issues that are of peculiar interest or import to the enquirer. An expressive objective is evocative rather than prescriptive.
Another term worth clarifying is "self-directed learning." Branda (3) has emphasized that self-directed learning is an integral part of problem-based learning, although it can occur on its own. Self-directed learning is not synonymous with self-indulgent or self-willed learning. Objectives clearly exist. It is akin to defining a spot on a map that students are expected to reach, without specifying the routes involved. Self-direction involves defining the most appropriate path for an individual student to attain the stated objectives. DESIGN 
OF THE COURSE
For those unfamiliar with the process as practiced at McMaster University, I give a brief description based on the undergraduate course in pharmacology mentioned above. This course formed part of a new joint Honours Programme in Biology-Pharmacology recently introduced as a joint responsibility of the Department of Life Sciences and the Faculty of Health Sciences. It was decided at the outset that most courses will be offered in a problem-based format. There was a cooperative component to the program with the students completing work terms either in industrial or academic laboratories during the course of the 3-yr program. Sixteen students were selected on the basis of an individual letter of application followed by an interview. These students were divided into three groups at random. The introductory course ran for the entire academic year, i.e., 24 wk. Each group met with their respective tutors once a week for a 3-h period. The students remained in the same group for the entire period, but a different set of tutors took over at the end of the first 12 wk. This was done for logistical reasons, since the tutors had prior commitments. However, for the sake of continuity, the first set of tutors remained accessible to their group. The tutors selected were not only experienced tutors but also had research interests in different areas of pharmacology and physiology.
OBJECTIVES
The objectives of the course were essentially twofold: 1) to introduce the students to key concepts in pharmacology to prepare them for their work terms as well as for more specialized courses in later years and 2) to facilitate transfer to a self-directed style of learning.
The pharmacological issues dealt with in this course included, among others, drug receptors, agonism, antagonism, pharmacokinetics, biotransformation, bioavailability, environmental pollutants, autonomic receptors, drug interactions, drug abuse, street drugs, steroids, design of clinical trials, etc. These issues were encapsulated in carefully written paper problems that had, as their basis, hypothetical experimental situations, clinical scenarios, or excerpts from published material. With each problem, a set of minimal objectives (instructional objectives) was defined that were felt to be essential, and it was expected that all groups would meet these objectives. However, students were at liberty to explore other issues and were in fact actively encouraged to do so (expressive objectives). The problems were not meant to be solved in the conventional sense but acted merely as starting points for explorations. The summaries of the nine problems that were used along with the minimal objectives are listed in Table 1 . It is interesting to compare these objectives with those listed by Burks (5) as part of a general pharmacology course.
The second objective of facilitating transfer to a selfdirected style was crucial, since most students were accustomed to teacher-centered didactic systems of learning. In this format, the students had to accept greater responsibility for their own learning, with the tutors acting largely as guides and being resources only when requested.
TUTORIAL PROCESS
Presented with a given problem, the students engaged in an initial period of brainstorming (l-3, 8, 14, 16-18). The objective of this phase was to provide a forum for the generation of ideas unhampered by critical judgments as to the relative value of the suggestions made. It must be emphasized that these students had received no formal lectures on these subjects nor had they been presented with required reading before the problem was given. It was felt that doing the problem "cold" permitted a freer flow of ideas. The prescribed minimal objectives were not given to the students at this stage. The brainstorming sessions were followed by an attempt to generate some order out of this apparent "curricular chaos" (13). This consisted of refining the ideas and suggestions to be made into issues for learning. The tutor acted as a facilitator and ensured that participation was even. The learning issues provided a framework for further refinement into learning objectives. At this stage, the tutors had to judge whether to provide the students with the set of minimal objectives. As a rule, students had not only raised the expected issues themselves but also had gone beyond them. The students were expected to fulfill the tasks they had set for themselves and to discuss the information obtained in a subsequent tutorial. Once the students and the tutors were satisfied that the objectives had been met, another problem was taken for discussion. At the end of each problem, every student was expected to submit a l-to 2-page written summary of discussions as well as a miniessay on any issue that was of particular interest.
WORKED EXAMPLE
To demonstrate how this process worked, I give below a worked example. This example shows how one particular group approached a given problem. The problem used was based on factual material and is used here since it raises not only standard pharmacological issues but broader environmental issues as well.
The problem that was handed to the students is shown in Table 2 . The students read through the problem and began raising a number of issues. The issues that they felt were worth noting on the board are listed as the initial issues raised by the students.
As is evident from a cursory glance, there are redundancies in the issues listed, but at this stage no real critical evaluation occurred. Then began a period of negotiation between the students as to the relative importance of the issues raised. Their goal was to prune these issues into learning objectives. These refined learning objectives are listed as well.
It is interesting to note that the objective of this exercise from the planner's point of view was to introduce the students to the concepts underlying biotransformation of drugs and the implications of environmental pollution. The faculty-generated objectives are also listed for comparative purposes. Thus the students came up with learning objectives that were not substantially different from those prescribed and in the process of seeking out the information, covered all the items stated.
As mentioned above, the students were expected to submit a written summary of tutorial discussions as well as a miniessay on a subject of particular interest to them. This allowed personal explorations of specific pharmacological issues. Although the students embraced this 
The toxic effects of PCBs idea in principle, it became difficult to institute in practice, and considerable variability was noted between tutorial groups. Some students used this opportunity to critically assess a research paper, an exercise they had not done before; others reviewed specific areas; and some handed in essays of a more general nature. It was clear that in the future stricter guidelines should be adopted. Class participation was evaluated at the end of each tutorial as well as at the end of the terms. Students evaluated each other, and these evaluations were counted as equivalent to those of the tutors; this was a novel experience for the students, but it was surprising how quickly they' adapted. The students became more comfortable with this process with time, and their evaluations of their peers were rarely different from those of the tutors.
A formal evaluation procedure was required to satisfy university requirements. We designed a process-oriented procedure termed the group triple-jump exercise based on the individual exercises used in the medical and nursing program at McMaster University (6, 15). In this exercise, all 17 students met in the same room and were handed a paper problem that none of them had seen earlier. The students had 15 min to provide one to three explanations for the observations made. They were then given a further 15 min to choose one of the explanations offered and design a suitable experimental test. At the end of this period, they handed their answers in and were then given a set of reading material that provided further information on the problem at hand. They were asked to reassess their initial hypotheses/experimental tests in light of the new information provided and submit a written report in 2 h. This procedure attempted to test the students on hypothesis generation, the design of experimental tests, and their ability to reassess, synthesize, and assimilate new information. Although the students met together and the same problem was given to all, the assessments were individual. The emphasis was on the process of learning, although clearly students who had not assimilated pharmacological information adequately could not generate either credible hypotheses or propose experimental tests. Content was assessed on an ongoing basis by tutorial performances and the written reports. The students thoroughly enjoyed this approach, To assess the students' reactions to the course, a questionnaire was distributed at the end of the first term. The replies to the questions led the planners to believe that they were on the right track (Table 3) . It is interesting to compare the results obtained with the same questionnaire at the end of the second term when the students had another 12 wk of exposure to the process. Overall there appears to be an improvement in the scores, suggesting that the comfort level with this approach was increasing.
The students also evaluated the tutors. They were asked to express their disagreement/agreement on a seven-point scale to a series of statements.
The results are shown in Table 4 . The evaluations of all six tutors are grouped together; although individual tutors did receive slightly different scores on specific items, there were no overall differences of any major significance. Having given a description of the course, I now comment on the possible implications for the teaching of physiology.
I noted earlier that the three cardinal elements in problem-based learning are the students, the problems, and the tutors.
In designing a physiology course, it is important to keep these in mind.
The students. Given the student-centered focus of problem-based learning, it is crucial to have the right student. For the pharmacology program discussed above, the students wrote a specific letter indicating their interest in the course and were subsequently interviewed. During the interviews, it was noted that many students professed a dislike of lectures and traditional evaluation TABLE 3. Summary of student evaluations of the course procedures. Some attempt can be made to prevent the wrong type of student from applying. A mock tutorial was staged to give the potential applicants an opportunity to witness problem-based learning in action. This exercise could interest some and may even turn away those who may find the approach unappealing. The qualities that contribute to success in this format include self-appraisal ability, ability to relate to others, and ability to seek and evaluate information critically. Of these, self-appraisal ability and honesty are critical. Although these qualities may be easy to list and defend, it is not easy to discern these at interview. Unfortunately no system is foolproof, and luck may play a far more important role in the success or failure of a particular tutorial group than is acknowledged.
As has been emphasized by Barrows and Tamblyn (l), it is important for students to feel free to say "I don't know" so that they can learn. This is not easy, since students often feel threatened by the presence of the tutor; however, they soon adapt (Table 3) . Although some students may feel uncomfortable with this process of learning, most find it enjoyable. They may not enjoy it at all times. Students (and tutors) must be flexible enough to realize that there will be good days and bad days, and a stimulating dynamic tutorial may be quickly followed by a dreary one. The real problem is that in the context of a tutorial, euphoria and despair may be grossly exaggerated. This intense involvement can be quite draining, and there are times when even the most ardent devotee of problem-based learning longs for a return to a simpler style. No wonder that Olson (l4), an external observer of the McMaster medical program, found that a significant number of students attended lectures (euphemistically called large-group sessions). This patchy nature of the tutorial process can be threatening to some but may exhilarate those more flexible.
Term 1
Term 2 2) The course gave us a good introduction to the concept of drug receptors 3) The course gave us a good introduction to general principles of pharmacokinetics 4) The course helped me obtain information from a variety of 6 5-7 6 5-7 6 5-7 6 5-7 6.5 5-7 7 6-7 sources 5) I was able to synthesize information obtained into a comfortable framework 6) I feel that I can apply the general principles I have learned to 5-7 6-7 6 5-7 6 5-7 6 4-7 6 5-7 6 4-7 6 4-7 6 4-7 6 4-7 13) I can assess my own performance adequately 5 4-6 6 5-6 14) I can assess the performance of my peers adequately 5 4-6 6 5-6 15) I can evaluate new information and reassess my knowledge 6 5-7 6 6-7
Students were asked to rate their disagreement/agreement to a .gree).
series of statements on a 7-point scale, from 1 (strongly disagree) to 7 (strongly a Students were asked to evaluate the tutor (strongly disagree) to 7 (strongly agree).
on a 7 -point scale, from 1 The tutors. The tutors are the second major element that can make or break a tutorial process. Some of the elements that may be important can be gauged from the questionnaire distributed to the students at the end of the pharmacology course. These include knowledge, skills, and personal characteristics (Table 4 ). The role of the tutor is not an easy one; it is important to emphasize that tutors should be experts in tutoring first and experts in their chosen specialty next. This poses serious problems for departments wishing to institute this form of learning. Faculty are often recruited on the basis of commercial criteria, such as papers published and dollars brought in. The very qualities that make the successful grantsman, a capacity for salesmanship, may make voluntary self-effacement difficult. Being a tutor requires intense personal contact, which is contrary to the delegate-and-depart style favored by most manager-scientists. The tutorial process could appear extremely inefficient, since the pleasures of learning for oneself cannot be readily quantified, and busy faculty members may be sorely tempted to step in and deliver minilectures. This quickly destroys the process of learning. It is vital to have the right tutors, since students who come from more traditional backgrounds may find it difficult to challenge authority. As students get more comfortable with the process, they may choose to ignore the tutor, who may then feel threatened. The tutor must be available to the students and be able to provide them with ongoing formative evaluation. A few faculty members, acting as "organizational rascals" can become instruments of change in introducing problem-based learning, provided they have been appropriately trained and sufficiently motivated (21).
The procedure described here follows the standard approach of using problem-based learning in a smallgroup setting. Many departments are reluctant to institute problem-based learning, because they feel that the resources required may strain their capacities. However, Branda (3) has noted that "problem-based learning does not have to be structured using small groups of students." Where faculty resources are limited, such approaches can be adapted to a larger setting. Schwartz (19) has given an example of using active small-group learning within the context of lectures in clinical biochemistry. I have adapted such procedures to a larger group of 17 students for an inquiry course in liberal arts dealing with health care, politics, and social issues.
The problems. The third element in this approach is the problem itself. It is here that an element of specificity enters, since the characteristics of tutors and students that are conducive to this approach are generally applicable irrespective of the disciplines considered.
As mentioned earlier, the pharmacology course was designed to provide students with a general framework for subsequent courses. The problems were organized so that the information collected and assimilated in earlier problems was elaborated and amplified in subsequent problems (Table 1) . Thus drug receptors were introduced in the context of the histamine problem (problem 2) but were elaborated on in the second term (problems 5, 6, and 7). Redundancies were clearly present (thus in both problems 6 and 7, adrenergic pharmacology was discussed, and histamines and antihistamines were discussed in problem 2 as well as 7), but these were acceptable since they provided for a better assimilation of information.
A similar course in physiology could include a broad coverage of cell functions (cell structure, membrane functions, molecular control mechanisms, energy and cellular metabolism), biological control systems (homeostasis, neural and hormonal control), and coordinated body functions (specific systems, such as the circulatory, renal, respiratory, gastrointestinal, nervous, etc.).
In designing problems for a broad introductory course, several approaches could be followed. Thus the problems could be coordinated to begin with an overview of cell function and progress gradually through control mechanisms to problems dealing with specific systems. Another approach may be to begin with individual systems and write problems that permit students to extract basic information. Conditions such as congestive cardiac failure or cystic fibrosis, which involve several systems, can be used to explore physiological issues at both cellular and systemic levels.
Alternatively, specific subsections of a conventional physiology course rather than an entire course can be taught in a problem-based format. If, for example, it is decided to use gastrointestinal physiology for an experimental course, problems can be written that focus on individual processes (absorption, secretion, motility) or on the functions of individual organs (stomach, intestines, liver) or that begin with specific pathophysiological conditions, such as peptic ulcers, diarrhea, constipation, malabsorption, gallstones, etc.
Two sample problems focusing on gastric function are shown in Table 5 . Given below each problem is a list of faculty-generated objectives. The problems were field tested using a single group of six students who were asked to generate learning objectives. These are listed as well. The students did glean from the problems the major issues that were identified, although they used different terms. Clearly there are redundancies.
It was interesting to note that the students unanimously preferred problem 2, which they felt was better organized and served to link human and animal physiology.
The use of extracts from journals is particularly exciting for undergraduate students, since they often see scientific concepts in textbooks expressed in terms of finality. The notion that science in the making can be tentative, confusing, and exciting is a revelation. Myriads of journals are available to select suitable examples. Traces from experiments, schematic diagrams, and graphical display of data can be useful starting points. Hypothetical scenarios or actual clinical cases can also be used as sources for problems. "Life," as Malvin (10) recently commented, "is filled with wonderful examples of physiological concepts at work." Many can be starting points for a problem-based course. Other elements. Although the three cardinal elements are described above, other elements that ease the process include material resources, such as libraries and ready access to photocopiers.
These elements are taken for granted in the affluent countries but pose serious prob lems elsewhere. If students are to be genuinely empowered with their own learning, it is important to provide them with the necessary infrastructure.
It is also essential to emphasize that this kind of program can be best assessed by process-oriented examinations. Students trained in such programs may not do spectacularly in conventional exercises such as multiple-choice questions. No track authority will decide the future prospects of a marathoner on a sprint, but such fallacious approaches abound in the academic world. It is important for those 
